Electrophysiological recording procedures were used to examine basolateral amygdala (BLA) cell firing during cocaine selfadministration and relative to response-independent presentations of cocaine-associated stimuli. Of 72 neurons (n ϭ 10 rats), 31 cells (43%) were classified as phasically active, exhibiting one of three types of patterned discharges relative to the drug-reinforced response, similar to that previously described for nucleus accumbens (Acb) neurons (Carelli, 2002). Briefly, neurons exhibited increased firing rates within seconds preceding the response [termed preresponse (PR)], increased activity within seconds after the response [termed reinforcement excitation (RFe)] or an inhibition in cell firing before and/or after the response for intravenous cocaine [termed reinforcement inhibition (RFi)]. To examine the responsiveness of these same neurons to cocaine-associated stimuli, the stimulus "probe" procedure was used. Specifically, probe trials (18 -20) were presented in which the audiovisual (tone-house light) stimulus associated with intravenous cocaine delivery during self-administration was randomly presented by the computer, interspersed between reinforced lever press responses. Neurons classified as type PR or type RFi were not activated by the stimulus. In contrast, neurons that exhibited increased firing immediately after the response (type RFe neurons) were significantly activated by the audiovisual cue. These findings are discussed with respect to the role of the BLA in cocaine addiction as well as previous studies characterizing Acb cell firing during cocaine self-administration.
Introduction
Numerous studies indicate that the basolateral amygdala (BLA) is a neural substrate critically involved in associative (conditioned) aspects of drug-seeking behavior. For example, the BLA is important for responding on a second-order schedule of cocaine reinforcement (Everitt et al., 1991; Whitelaw et al., 1996; Everitt and Robbins, 2000; Kantak et al., 2002) as well as for the establishment of cocaine-conditioned place preference (Fuchs et al., 2002) . In addition, the BLA appears to be crucially involved in reinstatement of drug-taking behavior after extinction. For example, lesions of the BLA did not affect subsequent cocaine selfadministration but decreased responding during extinction sessions and abolished the ability of drug-paired stimuli to reinstate lever pressing behavior for cocaine (Meil and See, 1997; See, 2002) . Furthermore, electrical stimulation of the BLA is sufficient to reinstate cocaine self-administration after extinction (Hayes et al., 2003) .
It has been reported that stimuli associated with cocainetaking behavior, such as drug paraphernalia or environmental cues, are strong elicitors of drug "craving" and often lead to relapse after a period of drug abstinence in humans (Gawin, 1991; Dackis and O'Brien, 2001) . Studies using brain metabolic imaging techniques such as positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) revealed that specific brain regions, including the BLA and nucleus accumbens (Acb), are activated during reports of drug craving in cocaine addicts (Breiter et al., 1997; Childress et al., 1999; Bonson et al., 2002) . Furthermore, anatomic studies have revealed that the BLA sends projections to the Acb (Groenewegen et al., 1991; Zahm and Brog, 1992; Brog et al., 1993; Wright et al., 1996) . It is therefore possible that the BLA-Acb circuit plays an important role in mediating associative (conditioned) aspects of reward-related processing that may ultimately control drug-seeking behavior.
To date, the majority of electrophysiological studies completed in cocaine self-administering animals have focused on characterizing neuronal activity within the Acb (for review, see Carelli, 2002) . Those studies have shown that Acb neurons exhibit four types of patterned discharges within seconds of the reinforced response for intravenous cocaine. Importantly, a subset of Acb neurons that encode goal-directed behaviors for cocaine are activated by cocaine-associated stimuli (Carelli, 2000) . Given the importance of the amygdala (in particular, the basolateral subregion) in conditioned aspects of cocaine addiction (Everitt et al., 1991; Everitt and Robbins, 2000; See, 2002; Kalivas and McFarland, 2003) and the fact that this structure sends extensive projections to the Acb (Groenewegen et al., 1991; Zahm and Brog, 1992; Brog et al., 1993; Heimer et al., 1995 Heimer et al., , 1997 Wright et al., 1996) , it is important to examine the activity of neurons in the BLA within these contexts. Therefore, the purpose of this study was to characterize BLA cell firing during cocaine self-administration and to examine the responsiveness of those neurons to cocaine-associated cues.
Materials and Methods
Cocaine self-administration. Animals (n ϭ 10) were housed individually and maintained at no less than 85% of their preoperative body weight beginning 1 week after catheter implantation by regulation of food and water intake. Specifically, animals were given 10 ml of water (in addition to 1.0 -1.5 ml of water consumed during the session) and 20 gm of Purina (St. Louis, MO) laboratory pellets each day for the duration of the experiment. Animals were surgically implanted with an intravenous catheter and trained to self-administer cocaine, as previously described (Carelli et al., 2000) . Briefly, subjects were anesthetized with ketamine hydrochloride (100 mg/kg) and xylazine hydrochloride (20 mg/kg) and surgically implanted with a catheter into the jugular vein (Caine et al., 1993) . The catheter was then routed subcutaneously to the back and attached to a coupling assembly. The fluid injection assembly (syringe pump) was connected to a swivel system in the experimental chambers that enabled intravenous infusion of cocaine during self-administration sessions.
One week after catheter implantation, rats were trained to self-administer cocaine during 2 hr experimental sessions. The beginning of the session was signaled by the onset of a cue light positioned 6.5 cm above the lever and extension of a retractable lever (Coulbourn Instruments, Allentown, PA). Lever depression on a fixed ratio 1 (FR1) schedule resulted in intravenous cocaine delivery (0.33 mg/infusion, dissolved in sterile heparinized saline vehicle) over a 6 sec period via a computer-controlled syringe pump (PHM-100; Med Associates, Inc., St. Albans, VT). Each drug infusion was signaled immediately by the onset of a tone-house light stimulus (65 dB, 2900 Hz, 100 mA) presented over a 20 sec interval (14 sec beyond the pump duration). During the 20 sec postresponse interval, lever press responding had no programmed consequences.
Electrophysiological recordings. Once behavioral responding was stable (2-3 weeks), animals were anesthetized with ketamine hydrochloride (100 mg/kg) and xylazine hydrochloride (20 mg/kg) and prepared for chronic extracellular recording in the amygdala. Electrodes were customdesigned and purchased from a commercial source (NB Labs, Denison, TX). Each array consisted of "bundles" of 4 microwires (50 m diameter) arranged in two rows. Each row contained two wires with a tip separation of ϳ0.5 mm. The entire array spanned an approximate distance of 1 mm anteroposterior and 1 mm mediolateral. Each array also contained a ground wire that was inserted 3-4 mm into the brain, ipsilateral to the array and ϳ5 mm caudal to bregma. Arrays were permanently implanted bilaterally into the BLA (anteroposterior, Ϫ1.80 to Ϫ3.40 mm; mediolateral, 4.0 -5.6 mm; and dorsoventral, 6.5-8.0 mm, relative to bregma, level skull).
After electrode implantation, presurgical behavioral performance was reestablished (typically within 1 d), and neuronal activity was characterized for each animal during a self-administration session and the next day during a self-administration session in which stimulus "probe" trials were presented (see below). Electrophysiological procedures have been described in detail previously (Carelli and Deadwyler, 1994; Carelli et al., 2000) . Briefly, before the start of each session, the subject was connected to a flexible recording cable attached to a commutator (Med Associates, Inc.), which allowed virtually unrestrained movement within the chamber. The head stage of each recording cable contained 16 miniature unitygain field effect transistors. BLA activity was recorded differentially between each active electrode and the inactive (reference) electrode from the permanently implanted microwires. The inactive electrode was examined before the start of the session to verify the absence of neuronal spike activity and served as the differential electrode for other electrodes with cell activity. Online isolation and discrimination of neuronal activity were accomplished using a commercially available neurophysiological system [multichannel acquisition processor (MAP) system; Plexon, Inc., Dallas, TX]. Multiple window discrimination modules and highspeed analog-to-digital signal processing in conjunction with computer software enabled isolation of neuronal signals on the basis of waveform analysis. The neurophysiological system incorporated an array of digital signal processors (DSPs) for continuous spike recognition. The DSPs provided a continuous parallel digital output of neuronal spike events to a Pentium computer. Another computer controlled behavioral events of the experiment (Med Associates, Inc.) and sent digital outputs corresponding to each event to the MAP box to be time-stamped along with the neural data. The neurophysiological system has the capability of recording up to four neurons per microwire using real-time discrimination of neuronal action potentials. However, in the present study, typically one or two neurons were recorded per microwire, as in previous reports (Chang et al., 1994; Nicolelis et al., 1997; Carelli et al., 2000) . Criteria for identifying different neurons on a single wire have been described in detail elsewhere (Chang et al., 1994; Nicolelis et al., 1997; Nicolelis, 1999; Carelli et al., 2000) . Briefly, discrimination of individual waveforms corresponding to a single cell was accomplished using template analysis procedures or time-voltage boxes provided by the neurophysiological software system (MAP system). The template analysis procedure involves taking a "sample" of the waveform and building a template of that extracellular waveform. Subsequent neurons that "match" this waveform are included as the same cell. When using time-voltage boxes, a sample of the waveform is taken, and then the experimenter superimposes two boxes onto it (typically one on the ascending limb and the other on the descending limb of the extracellular waveform). Subsequent sampled neurons are accepted as valid when they pass through both boxes. The parameters for isolation and discrimination of single-unit activity were determined and saved using the neurophysiological software and modified before each session as needed, for example, to discriminate "new" neurons that appeared on a given microwire electrode or to change the inactive electrode.
Stimulus probe trials. The responsiveness of BLA neurons to cocaineassociated stimuli was evaluated using the stimulus probe procedure previously used in our laboratory (Carelli, 2000 (Carelli, , 2002 . Specifically, responseindependent presentations (12-18 per session) of the tone-house light stimulus (5 sec) was randomly presented by the computer, interspersed between reinforced lever press responses during self-administration sessions (typically within 1-4 min after a reinforced response).
Data analysis. Neural activity was characterized via raster displays and perievent histograms (PEHs) showing the activity of each cell during a 20 sec time interval that bracketed the cocaine-reinforced lever press response. BLA neurons were examined for changes (increases or decreases) in firing rates within four time epochs in each PEH (Carelli and Deadwyler, 1994) . The four time epochs included (1) "baseline," defined as the period (Ϫ10 to Ϫ7.5 sec) before the initiation of the reinforced lever press response; (2) "response," defined as the period (Ϫ2.5 to 0 sec) immediately before and during the execution of the reinforced response; (3) "reinforcement," defined as the period (0 to ϩ2.5 sec) immediately after the response; and (4) "recovery," defined as the period (ϩ7.5 to ϩ10 sec) after the reinforced response. Using this approach, we examined whether BLA neurons exhibited one of four types of neuronal firing patterns described previously for nucleus accumbens neurons [preresponse (PR), reinforcement excitation (RFe), reinforcement inhibition (RFi), and preresponse plus reinforcement (PR ϩ RF) (Carelli and Deadwyler, 1994; Carelli et al., 2000) ]. Criteria for classifying each neuron into one of the four types of patterned discharges was based on 40% changes in cell firing within specified epochs compared with baseline rates, as described in detail previously . Briefly, neurons were classified as type PR if they showed a Ն40% increase in the firing rate within a 1 sec period of maximal discharge during the response epoch only compared with its respective baseline activity. Type RFe cells displayed a Ն40% increase in cell firing within a 1 sec period of maximal discharge during the reinforcement phase only compared with its respective baseline activity. Neurons classified as type RFi had a Ն40% decrease in the firing rate within a 1 sec period during the response epoch, reinforcement epoch, or both compared with its respective baseline firing rate. Finally, type PR ϩ RF cells displayed a Ն40% increase in activity during a 1 sec period within both the response and reinforcement epochs (but not the recovery phase) compared with its respective baseline rate, with an inhibition in activity between the two peak discharges. Statistical confirmation of the above cell type classification was accomplished using t test statistics for dependent samples that compared mean peak (types PR and RFe) or trough (type RFi) firing rates for all neurons of a given type with their respective baseline rates. "Nonphasic" neurons exhibited similar firing rates across the four time epochs without the 40% changes in activity characteristic of the four types of patterned discharges de-scribed above. Cell type classifications and behavioral responding were qualitatively similar during sessions involving probe trials versus those without probe trials. Therefore, to examine the responsiveness of specific types of neurons to cocaine-associated stimuli, data are presented here only for sessions involving probe trial presentations.
Activation of BLA neurons during stimulus probe trials was examined as follows. BLA neurons were examined for 40% changes (increases or decreases) in firing rates within 2.5 sec before versus 2.5 sec after cocaineassociated stimulus probe trials. t test statistics for dependent samples were also used to verify significant changes in cell firing during stimulus probe presentations by examining BLA cell firing rates 2.5 sec before versus 2.5 sec after probe trials. The latency to onset and duration of neuronal discharges for individual neurons were determined using established procedures . Briefly, mean firing rates were examined within consecutive 80 msec periods (bins) during the epoch in which the cell exhibited its peak or trough changes in activity. The latency of onset was defined as the first of three consecutive 80 msec bins in which the firing rate consistently increased (for type PR and RFe cells) or decreased (for type RFi cells) by 40% compared with the respective baseline activity of each cell. The latency of offset was defined as the first of three consecutive 80 msec bins in which the firing rate subsequently returned to baseline levels. The duration of activation was determined by subtracting onset from offset values.
Histology. After the completion of the last experiment, animals were anesthetized with sodium pentobarbital (50 mg/kg), and a 10 A current was passed for 6 sec through each recording electrode. The rat was perfused with 10% formalin, and the brain was removed, blocked, and sectioned (50 m) throughout the rostrocaudal extent of the amygdala. Alternating sections were stained for either thionin or tyrosine hydroxylase. All sections were counterstained with Prussian blue to reveal a blue dot reaction product corresponding to the location of the marked electrode tip (Green, 1958; Carelli and Deadwyler, 1994) . The procedure used to reconstruct electrode placements was as follows. Serial sections were examined under a light microscope, and the location of each electrode tip was plotted on coronal sections taken from the stereotaxic atlas of Paxinos and Watson (1997) . Positions within the BLA and boundaries between this and adjacent regions were determined by examination of marked electrode tip locations relative to (1) the anatomic arrangement of the amygdala, as depicted in the stereotaxic atlas of Paxinos and Watson (1997) ; and (2) precise "landmarks" in the brain, for example, the position relative to the boundary of the caudal portion of the caudate-putamen (clearly visible on the tyrosine hydroxylase-stained sections).
Results

Self-administration behavior
The cumulative record in Figure 1 shows the behavioral response pattern for one representative animal during a cocaine selfadministration session in which stimulus probe trials (indicated by arrowheads, 5 sec duration each) were interspersed between reinforced responses. During the session, the animal exhibited an initial "burst" of 3 responses (termed "load-up" behavior) followed by 16 regularly spaced responses with a mean interinfusion interval (INT) of 6.10 Ϯ 0.28 min. Across all 10 animals, the mean number of responses was 24 Ϯ 1.78 with a mean INT of 5.81 Ϯ 0.24 min. t tests for dependent samples indicated no significant difference in the number of responses ( p Ͼ 0.05) or INT ( p Ͼ 0.5) during sessions in which probe trials were not given (previous day) compared with sessions including probe trials, indicating that behavioral responding was not altered by stimulus probe presentations.
BLA neurons exhibit patterned discharges relative to operant responding for intravenous self-administration of cocaine A total of 72 amygdala neurons were recorded during cocaine self-administration sessions. The major finding of this study was that 31 cells (43%) exhibited one of three types of neuronal discharge patterns similar to those described previously for Acb neurons (Carelli and Deadwyler, 1994; Carelli et al., 2000; Carelli, 2002) . This classification was based on PEH inspection, quantification, and statistical analysis (Table 1) . Briefly, an increase in the firing rate immediately before the reinforced lever press response designated some neurons as PR cells. Other types of neurons exhibited excitation (type RFe) or inhibition (type RFi) of the firing rate within seconds after the cocaine-reinforced response. The remaining 41 neurons (57%) exhibited no change in the firing rate (increase or decrease) relative to the operant response for cocaine (nonphasic type).
Preresponse cell firing
Of 31 phasically active neurons, 16 cells (52%) exhibited increased firing rates within seconds before the reinforced response for cocaine and were classified as type PR neurons. Across all type PR neurons (n ϭ 16), there was a significant increase in the firing rate within 2.5 sec preceding the reinforced response (3.73 Ϯ 1.07 Hz), compared with baseline rates (1.10 Ϯ 0.42 Hz; t ϭ 3.72; p Ͻ 0.01; Table 1 ). The mean latency to onset across all type PR cells was 5.27 Ϯ 0.63 before the reinforced response.
An example of one PR neuron is illustrated in Figure 2 . The top raster plot and PEH show the activity of the cell within the 20 sec analysis interval (10 sec before and 10 sec after the response). The neuron displayed a mean baseline firing rate of 2.99 Hz with a peak discharge rate of ϳ15 Hz beginning 3.52 sec before the reinforced response for intravenous cocaine. The cell exhibited a slight decline in the firing rate within ϳ4 sec after the response, followed by a return to baseline levels. Figure 2 , bottom PEH, shows the activity of the same BLA cell across a longer interval encompassing the majority of the interinfusion interval (i.e., 200 sec before and 200 sec after the response). This PEH illustrates that the increase in cell firing was not long-lasting but was confined primarily to the 5 sec interval preceding the reinforced response for cocaine. Inspection of PEHs across the longer interval encompassing the majority of the interinfusion interval indicated that this was the case for all type PR neurons.
Postresponse activity
Of the remaining 15 phasically active cells, 10 neurons exhibited a significant increase in the firing rate within 2.5 sec after the reinforced response for intravenous cocaine, characteristic of type RFe activity. Across all type RFe neurons, there was a significant increase in the firing rate within 2.5 sec after the response (2.46 Ϯ 0.62 Hz) compared with baseline activity (0.56 Ϯ 0.12 Hz; t ϭ 3.42; p Ͻ 0.01; Table 1 ). An example of an RFe cell is shown in the raster plot and PEH in Figure 3 . In this case, the neuron displayed a baseline firing rate of 0.78 Hz with an increase in activity immediately after the lever press response to ϳ12 Hz. The PEH in Figure 2 , bottom, shows the activity of the same neuron across a longer interval spanning the interinfusion interval (i.e., 4 min before and 4 min after the response). Note that the peak increase in activity was confined to ϳ12 sec after the response, although rates remained slightly elevated for an additional 30 sec. Across all type RFe cells, the mean latency to onset was 416 Ϯ 150 msec after the response. For six type RFe cells, the mean offset latency (i.e., time in which the cell firing rates returned to baseline activity) was 3.87 Ϯ 1.03 sec after the response. The remaining four RFe cells had a prolonged duration that extended slightly beyond the 20 sec analysis interval, as illustrated for one neuron in Figure 3 , bottom.
The remaining five BLA cells exhibited an inhibition in cell firing, relative to baseline activity, within 2.5 sec before the reinforced response, after the response, or both, classified as type RFi neurons. An example of a type RFi neuron is shown in Figure 4 . For this cell, there was a marked decline in the firing rate from a baseline rate of 6.66 Hz beginning 2.24 sec before the reinforced response and continuing for 1.36 after response completion. Across all RFi cells, the onset to the inhibition in cell firing began 864 Ϯ 440 msec before the response and extended 1.68 Ϯ 0.49 sec after response completion. Within the 20 sec analysis interval, all type RFi cells showed a 40% decline in cell firing within 2.5 sec before the response, after the response, or both (Table 1) .
Responsiveness of BLA neurons to cocaine-associated stimuli
An important issue addressed in this study was whether BLA neurons are activated by presentations of the tone-house light stimulus associated with cocaine delivery during the selfadministration task. The results of this analysis are summarized across all cell types in Table 2 . As illustrated for one neuron in Figure 5 , type PR cells were not responsive to presentations of the stimulus probes. Figure 5 , top PEH, shows the activity of a single neuron relative to lever press responding for intravenous cocaine. The cell exhibited a robust increase in activity within 2 sec preceding the response, characteristic of type PR firing. However, the same neuron showed no change in the firing rate relative to presentations of the stimulus probes (bottom PEH). Across all type PR cells, mean firing 2.5 sec before stimulus probe presentations (0.93 Ϯ 0.34 Hz) was not significantly different from mean firing rates 2.5 sec after stimulus probe onset (1.28 Ϯ 0.45 Hz; t ϭ 1.52; p Ͼ 0.05; Table 1 ).
In contrast, neurons that exhibited an increase in the firing rate immediately after the lever press response for cocaine (type RFe cells) were activated by stimulus probes. An example of one such neuron is illustrated in Figure 6 . Relative to reinforced response (top PEH), the RFe cell showed an increase in firing from a baseline rate of 0.60 Hz to a peak of ϳ6 Hz. This same neuron was also activated during stimulus probe presentations (bottom PEH) similar in magnitude and duration to that observed after the reinforced response (top PEH). Across all RFe cells, there was a significant increase in cell firing within 2.5 sec after probe onset (1.85 Ϯ 0.59 Hz) compared with 2.5 sec immediately before probe onset (0.66 Ϯ 0.25 Hz; t ϭ 3.01; p Ͻ 0.05; Table 2 ). The mean onset latency after probe presentations was 340 Ϯ 110 msec, with a mean duration of 3.69 Ϯ 0.55 sec.
Neurons that exhibited an inhibition in cell firing after the reinforced response for intravenous cocaine (type RFi cells) were not activated by the stimulus probes (t ϭ 2.42; p Ͼ 0.05; Table 2 ). Likewise, neurons classified as nonphasic (i.e., exhibiting no significant change in the firing rate relative to the response for cocaine) were also not activated during stimulus probe presentations (t ϭ 2.01; p Ͼ 0.05).
Histology
Inspection of the brains of all 10 animals revealed that of 80 microwires chronically implanted, 52 wires were histologically verified to be in the amygdala. Only neurons recorded from wires positioned in the amygdala were included in this report. Of the 52 wires, the majority (45 wires) were positioned in the basolateral region of the amygdala, as defined by Paxinos and Watson (1997) . The remaining seven wires were located within the lateral amygdala (n ϭ 3), basomedial amygdala (n ϭ 1), or central nucleus (n ϭ 3). Across all animals, bilateral electrode placements in the amygdala ranged from Ϫ1.80 to Ϫ3.14 posterior to bregma and from 4.2 to 5.6 mm lateral to the midline. Figure 7 shows the distribution of marked electrode placements located within the amygdala across all animals on coronal sections of the stereotaxic atlas of Paxinos and Watson (1997) .
Discussion
The findings presented here represent the first detailed characterization of BLA cell firing during cocaine self-administration in rats. The results indicate that a subset of BLA neurons exhibit one of three types of patterned discharges within seconds of the operant response for intravenous cocaine. Neuronal firing patterns encompass the important aspects of drug-seeking behavior, including response initiation, execution, and completion, and are similar to those described for Acb neurons (Carelli, 2002) . This study also revealed that a subset of BLA neurons are activated by stimuli previously paired with the intravenous delivery of cocaine during self-administration sessions, also similar to that reported for Acb neurons (Carelli, 2000) .
Characterization of BLA activity during cocaine self-administration
Despite similarities in the activity of Acb and BLA neurons, one noticeable difference is the absence of a fourth type of neuronal firing pattern (termed PR ϩ RF) previously reported for Acb neurons only during cocaine self-administration and not water reinforcement sessions. Interestingly, type PR ϩ RF cell firing consists of the same three features of response-related activity exhibited by the other cell types. The absence of this fourth type of neuronal firing pattern by BLA neurons supports the view that PR ϩ RF activity may represent a form of Acb cell firing related uniquely to cocaine reinforcement (Carelli and Deadwyler, 1994) . Of the BLA neurons classified as phasically active, patterned discharges were confined primarily within seconds of the reinforced response for cocaine. This differs from previous Acb studies showing that a subset of Acb neurons exhibit long-term cyclic alterations in firing that span the entire interinfusion interval of the self-administration session (Peoples and West, 1996; Carelli, 2002) . It has been speculated that these long-term changes may be related to changes in tonic levels of dopamine that are known to fluctuate relative to lever press responding during cocaine selfadministration sessions (Peoples and West, 1996; Nicola and Deadwyler, 2000) . Our findings indicate that the long-term changes in Acb cell firing are likely not influenced by the population of BLA neurons characterized in this report but may reflect inputs from other cortical or subcortical regions (e.g., prefrontal cortex or hippocampus) onto Acb neurons (see below).
It is also not known whether the BLA neurons that are activated during cocaine self-administration are the same cells that respond during water reinforcement because this study was limited to cocaine. This is an important issue because we have previously reported that different populations of Acb neurons discharge during a multiple schedule for water and cocaine . Whether the differential firing patterns exhibited by distinct populations of Acb neurons during a water-cocaine multiple schedule represents an influence from particular subpopulations of BLA neurons remains to be determined.
Responsiveness of BLA neurons to cocaine-associated stimuli
The results reported here reveal that stimuli that have been paired with the intravenous infusion of cocaine during selfadministration are capable of activating discrete subsets of BLA cells and support the view that the BLA is important in stimulusreward associations (Everitt et al., 1991; See, 2002) . Here, after the establishment of stable self-administration behavior, probe trials of the audiovisual stimulus only (no drug) were given randomly by the experimenter during the interinfusion interval. Neurons that displayed an increase in firing rate immediately after the reinforced response (type RFe cells) were significantly activated by the audiovisual cue. These findings are consistent with our previous reports showing activation of Acb type RFe neurons relative to cocaine-associated stimuli (Carelli, 2000) and may indicate that this activation is driven, in part, by discrete populations of BLA neurons.
In humans, stimuli associated with drug-taking behavior (e.g., drug-taking paraphernalia) have the ability to elicit strong drug "craving," which often leads to relapse after a period of drug abstinence (Gawin, 1991; O'Brien et al., 1992) . It is believed that associative learning (in particular, Pavlovian conditioning) plays an important role in this process (Stewart et al., 1984; O'Brien et al., 1992; Childress et al., 1999; Dackis and O'Brien, 2001; See, 2002) . Studies using brain metabolic imaging techniques such as PET and fMRI have implicated a potentially crucial role of the BLA, Acb, and associated brain regions in this process (Breiter et al., 1997; Maas et al., 1998; Childress et al., 1999; Garavan et al., 2000) . The present study extends those reports by showing that a subset of BLA neurons are activated by stimuli previously associated with cocaine delivery during selfadministration sessions in rats.
The BLA is also implicated in reinstatement of cocaineseeking behaviors after extinction (Meil and See, 1997; Grimm and See, 2000; Ciccocioppo et al., 2001; Kantak et al., 2002; See, 2002; Kalivas and McFarland, 2003) . For example, lesions of the BLA did not affect subsequent cocaine self-administration but decreased responding during extinction sessions and abolished the ability of drug-paired stimuli to reinstate lever pressing behavior for cocaine (Meil and See, 1997; See, 2002) . Although we did not examine BLA cell firing during extinction and reinstatement of cocaine self-administration behavior, our findings showing activation of BLA neurons during presentation of cocaineassociated cues are consistent with other studies showing increased fos expression in the BLA during exposure to cocaineassociated cues (Neisewander et al., 2000; Ciccocioppo et al., 2001) . It should be noted, however, that distinct subregions of the BLA may subserve different aspects of maintenance versus reinstatement of cocaine-seeking behaviors (Kruzich and See, 2001; Kantak et al., 2002; See, 2002) .
It has been speculated that the ability of cocaine-associated stimuli to elicit cocaine-seeking behavior may involve activation of dopamine transmission in the Acb and amygdala (Wilson et al., 1994; Di Chiara, 1995; Weiss et al., 2000) . For example, Weiss et al. (2000) showed dopamine levels significantly increased in the Acb and amygdala (measured via microdialysis) during exposure to cocaine-associated stimuli. We have recently shown rapid increases in dopamine in the Acb during presentations of the same cocaine-associated audiovisual stimuli used in the present study (Phillips et al., 2003) . Furthermore, dopamine has been shown to modulate prefrontal cortical activation of BLA neurons in a classical conditioning paradigm Rosenkranz and Grace, 2002) . The relative contribution of rapid (phasic) versus tonic changes in dopamine (Wightman and Robinson, 2002) within the BLA, especially with respect to conditioned drug effects, remains to be determined.
The BLA-Acb pathway: one part of a larger "brain reward" circuit The present findings show that BLA neurons encode information about cocaine-seeking behavior and cocaine-associated cues in a manner similar to that of Acb neurons. Because the BLA sends extensive projections to the Acb (Groenewegen et al., 1991; Zahm and Brog, 1992; Brog et al., 1993; Groenewegen et al., 1996; Wright et al., 1996) , these findings support the view that the BLA may influence the activity of distinct populations of Acb neurons during drug-seeking behaviors (Robbins et al., 1989; Pennartz et al., 1994; Carelli, 2002) . However, it is important to note that the BLA-Acb pathway is just one component of a larger brain reward circuit. For example, extensive studies completed in rodents show that the Acb receives afferent projections from a variety of cortical and subcortical structures, including not only the basolateral amygdala but also the prefrontal cortex (McGeorge and Faull, 1989; Zahm and Brog, 1992; Brog et al., 1993) , the subiculum of the hippocampus (Groenewegen et al., 1991; Zahm and Brog, 1992; Brog et al., 1993) , and the ventral tegmental area (Zahm and Brog, 1992) . Indeed, patterned discharges associated with goal-directed behavior for drug reward have also been observed in the prefrontal cortex (Chang et al., 1997 (Chang et al., , 2000 . Thus, the similarity in neuronal firing patterns observed by BLA and Acb neurons may reflect a widely distributed organization across different neural structures of the brain reward pathway. Whether the neuronal firing patterns reported here are ubiquitous across the brain (e.g., in cortical or subcortical structures not intimately linked with the Acb) or limited to a discrete reinforcement pathway remains to be elucidated.
Conclusions
Numerous studies indicate that the BLA is a neural substrate critically involved in associative (conditioned) aspects of drugseeking behavior as well as "natural" rewards. Our findings are consistent with this view by showing that distinct populations of BLA neurons encode the important features of cocaine-seeking behaviors and are activated by stimuli previously paired with the intravenous delivery of cocaine during self-administration sessions. These results are consistent with the view that the BLA is one component of a much larger integrated neural system involved in mediating and controlling goal-directed behaviors. Although informative, additional studies are needed to explore a number of relevant issues with respect to the role of the BLA in the brain reward system. For example, it will be important to determine the contribution of operant versus classical conditioning to the patterned activation of BLA neurons, as previously examined for Acb cells (Carelli, 2002) . Likewise, examination of BLA cell firing during responding for secondary reinforcement as well as during extinction and reinstatement of cocaine selfadministration will provide important insight into factors underlying the activation of the BLA during goal-directed behaviors.
